Collisional destruction experiments with chondrules from the Allende CV3 chondrite were performed over a range of velocities (10 m/s to 76 m/s). Electron microscopy shows that two types of chondrules were affected by low-velocity impacts: (1) reactivated pre-existing cracks filled with iron-oxides and (2) poorly crystallized finegrained silicates in glass. The relatively-well crystallized chondrules were destroyed at higher impact velocities. Based on the range of velocities causing chondrule destruction, we theoretically examined the condition of the solar nebula in the chondrule destruction periods and suggest that collisional destruction of chondrules can occur during abrupt and/or localized strong turbulence, in a nebular shock, by a collision between a chondrule and an object larger than 1 m in the laminar solar nebula.
Introduction
Chondrules are silicate spherules whose average diameter is approximately 1 mm. They are supposed to form from molten dust particles by rapid cooling because they commonly contain glass with variable composition (e.g., Hewins, 1991) . Chondrules are a major constituent in all chondritic meteorites except CI chondrites, and thus they were likely abundant in the solar nebula (Wasson, 1974) . As a result, chondrules recorded some of the dynamic processes, which took place in the early solar nebula. Chondrites contain both isolated, individual chondrules and compound chondrules (Gooding and Keil, 1981) . The texture of some compound chondrules indicate that they formed during collisions in the solar nebula between solid and hightemperature plastic chondrules. The presence of compound chondrules implies that the density of chondrules in the nebula was relatively high and that chondrules had relative velocities of at most 10 m/s as they formed (Gooding and Keil, 1981; Sekiya and Nakamura, 1996) .
Fragments of chondrules are common in chondrites (Steele, 1988) . The destruction of chondrules could occur in the solar nebula, while chondrules were floating individually and subsequently within the meteorite parent body. Many chondrites are brecciated as a results of impacts between the meteorite parent bodies (Bunch and Rajan, 1988) . During impacts most of the chondrules are broken into pieces. Therefore, it is evident that high-velocity impacts on meteorite parent bodies result in the destruction of chondrules. On the other hand, unbrecciated chondrites also contain broken chondrules, some of which are coated by fine-grained Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. rims ( Fig. 1 ). Such meteorites exhibit few impact effects (Scott et al., 1992) and the fine-grained rims may have formed, while the chondrule floated in the thick dust clouds of the nebula (e.g., Metzler et al., 1992) . Therefore, it is suggested that broken chondrules with rim have experienced dynamic events in the nebula prior to rim formation. In the present study, we examine the possibility of chondrule destruction due to impacts in the solar nebula. Collisional destruction experiments were performed on the chondrules removed from the Allende CV3 carbonaceous chondrite, in order to know the range of impact velocities over which chondrules are broken. Then, we can theoretically explore the conditions of the solar nebula where chondrules can collide each other with relative velocities high enough to destroy them.
Experiment

Samples
Using a stereoscope and edged tool, 131 chondrule samples were selected from chips of the Allende CV3 chondrite. We used chondrules from Allende, because they do not have extensive secondary alteration, such as aqueous alteration and shock and thermal metamorphism (Weisberg and Prinz, 1998; Clayton and Mayeda, 1999) . The Diameter and mass of each chondrule used in the experiments is summarized in Table 1 .
Method
2.2.1 Velocity calibration A rubber gun was used for low velocity impact experiments from 10 to 30 m/s and an air gun was used for high velocity from 45 to 150 m/s. The rubber gun consists of a launcher (Fig. 2) , a sample recovery apparatus with a stainless steel target, and a camera. First, glass spherules with diameters of 5 mm and densities of 2.6 g/cm 3 were launched using the rubber gun. Successive photographs of the flying glass spheres were taken using a high-speed strobe scope to determine spherule velocity. The relationship between the velocity of the sphere and the expansion of rubber is shown in Fig. 3 . The uncertainty of the velocity measurements in the rubber gun experiments is ±2 m/s (Fig. 3) . We then performed the experiments with the chondrules, but could not take photographs of the flying chondrules due to dark their surface color. Thus we assumed that the velocity of a chondrule is equal to that of the glass sphere with the same expansion of rubber. The validity of the assumption is explained as follows. The mass of an acrylic container, which moves with and accelerates a projectile ( Fig. 2) , is 18 g, while the mass of the projectile such as the glass sphere (0.17 g) and a chondrule (∼0.0024 g) is very small relative to that of the container. Thus the velocity of the container is constant regardless of whether the projectile is a sphere or a chondrule. We assume that the difference in air friction between projectiles is negligible due to the short flying distance to the target. Consequently, the velocity of the glass sphere and that of the chondrule at the impact plane of the target is assumed to be the same as the launch velocity. . The air gun launcher. P A and P B are the air pressures in sections A and B, respectively. Initially, P A is increased to a designated pressure to press the piston toward the sabot. Then, P B is increased to a pressure not more than P A . To launch the sabot, P A is released by opening a valve, which presses the piston backward, introduces high-pressure air to the back of the sabot, and accelerates it. The sabot impacts a stopper on the way to a stainless steel target and launches the projectile. The distance between the stopper and the target is 40 cm.
The air gun consists of a launcher (Fig. 4) , a recovery apparatus with a stainless steel target, and a laser for measuring the projectile velocity. Chondrules were difficult to detect with the laser because of their small size. As a result, the velocity of the chondrule was estimated from that of the glass spherule at the same external pressure. Again, this estimation is valid because the mass of the projectile, such as the glass spherule or the chondrule, is very small compared with that of a sabot (16 g) in the air gun (Fig. 4) . We shot new glass spherule for velocity calibration every time we changed the external pressure P B at the launcher part (Fig. 4) and the relationship between the velocity of a chondrule and the external pressure is shown in Fig. 5 . The uncertainty in the velocity calibration of the air gun is ±15 m/s, which is relatively poor compared with that of the rubber gun (Fig. 5) . The velocity decrease due to the air friction between the launcher and the target is calculated to be at most 20% for the smallest sample with 0.4 mm diameter.
Chondrule destruction experiment
At first, all the Allende chondrule samples were shot using the rubber gun at the lowest velocity (10 ± 2 m/s). Then, the velocity was increased step by step by extending the rubber in increments of 2 m/s from 10 to 30 m/s, to the highest achievable velocity of the rubber gun. Chondrules were launched at increasing velocity until they were destroyed. We defined destroyed chondrules as those from which fragments with more than 1/5 of the initial chondrule diameter were broken off (Fig. 6 ). The chondrules that were not destroyed by the rubber gun at the highest velocity (30 ± 2 m/s), were subsequently shot by the air gun. In the air gun experiment, the velocities were increased by raising the external pressure by 0.1 kgf/cm 2 from 0.5 (45 ± 15 m/s) to 1.2 kgf/cm 2 (76 ± 15 m/s), again the chondrules were launched until destruction.
Characterization of recovered chondrules
Fragments from six chondrules, three of which were broken during low-velocity impact (No. 1, 109, and 110 in Table 1) and three of which were broken during high-velocity impact (No. 7, No. 45, and No. 111 in Table 1 ), were embedded in epoxy resin, polished using the micro-diamond paste.
They were analyzed with a scanning electron microscope (JEOL JSM-5800LV) and an electron probe microanalyzer (JEOL JXA-733 superprobe) equipped with a wave-lengthdispersive X-ray spectrometer (WDS), in order to investigate the textural differences between each chondrule and to observe cracked planes in chondrules.
Result
The results of the chondrule destruction experiments using the rubber and air guns are summarized in Fig. 7 . The diagram shows that approximately 75% of the chondrules were destroyed by impacts with a velocity smaller than 30 ± 2 m/s. Because no data was obtained between the highest velocity of the rubber gun (30 m/s) and the lowest velocity of the air gun (45 m/s), no increase was observed for this velocity range as seen in the cumulative curve in Fig. 7 . From the lowest-velocity impact using the air gun, six of the chondrules that survived the impact with the highestvelocity of the rubber gun were broken. This suggests that the six chondrules may have been destroyed by an impact with velocity between 30 and 45 m/s. If so, the cumulative data curve in Fig. 7 would exhibit a smooth increase with no plateau. It is known that Allende meteorite contains various types of chondrules such as porphyritic and barred olivine types (McSween, 1977) . Our results suggest that all types of chondrules are destroyed by impacts with the velocities of 76 ± 15 m/s. The stainless steel target is used in our experiments, and the destructive velocity of the mutual collision of chondrules may be larger, which will be discussed in Subsection 4.2.
To investigate why some chondrules were broken by an impact at low-velocity, while others survived to a much higher velocity impact, internal textures of selected chondrules were documented by electron microscopy. Chon- is a porphyritic olivine chondrule with subhedral coarse olivine crystals embedded in mesostasis glass (Fig. 8(a) ). In contrast, chondrule No. 109 (V b = 14 ± 2 m/s) is a highly crystallized chondrule with a limited amount of glass ( Fig. 8(b) ). Both chondrules were broken at low impact velocity, indicating that chondrules containing cracks filled with iron oxide are not resistant to impact damage. The second type of chondrules is broken along the mesostasis glass. filled cracks. This chondrule cracked along areas enriched in mesostasis glass (Fig. 8(c) ). Chondrules destroyed by a high-velocity impact commonly are well crystallized with very limited amounts of glass. Chondrule No. 45 (V b = 45 ± 15 m/s; Fig. 9 ) is a highly crystallized olivine and pyroxene chondrule. In this chondrule, both olivine and pyroxene were cracked during the experimental impact.
Discussion
4.1 Secondary alteration effects on the destruction of chondrules Observations made by electron microscopes suggest that pre-existing iron oxide-filled cracks in chondrules significantly reduces their survivability during impacts. Well-crystallized chondrules are destroyed by a low-velocity impact if they have pre-existing cracks. Although Allende has experienced a limited degree of secondary processes in its meteorite parent body (e.g., Clayton and Mayeda, 1999; Scott et al., 1992) , the iron oxide-filled cracks were produced by the combination of impact effects and aqueous alteration (Krot et al., 1998) . This suggests that all of the chondrules used in the experiments were likely subject to secondary alteration that reduced the strength of these chondrules in experimental impacts. Thus if there are no pre-existing cracks in Allende chondrules, many chondrules might survive the experimental impacts with low velocities. However, we believe that the highest limit of the destruction velocity 76±15 m/s does not change if there were no secondary alteration effects in Allende, because the chondrules broken during high-velocity impacts seem to be free of the alteration effects. Impact effects in Allende chondrules seem to be weak and variable between chondrules unlike other strongly shocked CV chondrules (Nakamura et al., 2000) , because some chondrules in Allende show weak shock features, while others have no shock features (Scott et al., 1992) . The chondrules with high-destruction velocity may have been those that were unaffected by shock on the meteorite parent body, because the chondrules with high-destruction velocity do not contain such iron oxide-filled cracks (Fig. 9) . If there were preexisting shock features in chondrules, iron oxide has subsequently filled the shock-induced cracks as is observed in some chondrules (Figs. 8(a) and (b) ). Therefore, we suggest that the chondrules with high-destruction velocity are free of pre-existing cracks and maintain survivability during impacts. On the basis of the interpretation stated above, we suggest that the upper limit of the velocity for chondrule destruction 76 ± 15 m/s, if the target is as dense and rigid as the stainless steel used in our experiments (the destructive velocity of the mutual collision of chondrules may be larger, which will be discussed in the next subsection).
Differences and similarities between experimental
and natural impacts Chondrules consist mainly of silicates, which are brittle material and broken by the growth of cracks produced by an external force. Even by the weak force, this brittle material generates low density of lattice defects (dislocations), which weakens strength of chondrules. As the number of impact increases, dislocations and cracks may accumulate to a critical density enough for chondrule destruction. Thus, the destruction velocity of chondrules may differ between a single impact and multiple impacts.
It is not plausible that the impact velocity in the solar nebula increases step by step in an increment of 2 m/s like in our experiment. This is a difference between experiment and nature, but there are similarities: (1) Chondrules might have experienced multiple impacts before the final destruction, and (2) the impact position on the surface of chondrules varies randomly between impacts. Chondrules commonly exhibit asymmetrical texture, and thus the minimum force to destroy chondrules must vary between the positions on chondrules. Thus, the impact position of chondrules is an important parameter for the destruction of chondrules. In our impact experiment we cannot control the impact position of chondrules and the impact positions must have varied between impacts, and the situation must be similar to the impact in the nebula.
We used the stainless steel target whose physical properties are different from those of chondrules. Thus, the stress exerted on chondrules in our experiment is different from that in the case of mutual collision of chondrules. Without a detailed knowledge of physical properties of chondrules, it is difficult to derive a precise relation of the critical destruction velocity of our experiment V b and that of the mutual collision of chondrules v b . In the limit of infinitly rigid and massive wall, the destruction velocity is considered to be half of that of the mutual collision of chondrules of an identical mass, since the wall is equivalent to the mirror symmetry plane of the mutual collision. Considering that the stainless steel target is fairly rigid and massive, we have v b ∼ 2V b. On the other hand, a chondrule might collide with a massive and dense particle in the solar nebula. In this case, the destruction velocity would be nearly equal to that of our experimental value V b. Considering these uncertainties, the critical velocity of destruction of a mutual collision would be 76 m/s to 152 m/s, where 76 m/s is our experimental result and 152 m/s is the presumed critical value of mutual collision of chondrules with an identical mass.
The origin of fragments of chondrules in unbrecciated chondrites
We suggest four possible chondrule fragmentation processes in the solar nebula: 1) collisions between chondrules in the turbulent solar nebula, 2) collisions between chondrules in nebular shock waves, 3) collisions between chondrules in the bipolar flow, and 4) collisions of chondrules with larger bodies.
First, we investigate the possibility that fragments were produced by repeated collisions in the turbulent solar nebula. We calculate relations between the turbulent velocity and the relative velocity of chondrules in the nebula using equations derived by Völk et al. (1980) . We here consider two different regions: (1) 2.4 AU from the sun (the asteroid region) and (2) 0.065 AU (the X-region). In the latter case, chondrules may have formed by activities (e.g., the magnetic reconnection) near the inner boundary of the nebula (Shu et al., 1996 (Shu et al., , 1997 . We use two extreme nebular density models: (i) the Hayashi minimum density model (Hayashi, 1981; Hayashi et al., 1985) , and (ii) the maximum density model, where the column density is given by the critical density of gravitational stability of the nebula; i.e. the Toomre parameter Q ≡ c s K /π G is equal to 1 (Toomre, 1964) , where is the surface density, c s is the sound speed, K is the circular Keplerian angular velocity, and G is the gravitational constant. Four cases are considered, (a) 2.4 AU in a Hayashi nebula (b) 2.4 AU in a Q = 1 nebula (c) 0.065 AU in a Hayashi nebula (d) 0.065 AU in a Q = 1 nebula. The parameters used in our calculations are the midplane temperature of the nebula T c , the least wave number of eddy k min , and radii of the chondrules which collide each other: r 1 and r 2 . In the case of Q = 1 model, the midplane temperature is model dependent, but we here simply assume to be T c = 1200 K, which is the maximum temperature for chondrule survival, since the results do not depend on the temperature so sensitively. In the Hayashi model, the midplane temperature is given by (Hayashi, 1981; Hayashi et al., 1985) , where R is the distance from the sun. For the radii of two chondrules which collide each other, one is defined as r 1 = 0.9 mm i.e. the mean radius of a chondrules in CV chondrites (Trude et al., 1978) , and the other is treated as a parameter (we calculated for r 2 = 1.0, 3.0, 5.0, 7.0 and 9.0 mm). For these parameters, we calculated relationship between the root mean square turbulent velocity δv g 2 and the root mean square relative velocity of chondrules 12 δv d 2 from equations derived by Völk et al. (1980) with some revisions and assumptions. The details of the calculations are in the Appendix. The numerical results are shown in Fig. 10 . Based on the model, the relative chondrule velocity increases as the radius r 2 increases, because a larger particle has a large relative velocity to the turbulent flow. In case (a), even if the relative velocities of chondrules with radii r 1 = 0.9 mm (the mean radius of CV) and r 2 = 9.0 mm (one order of magnitude greater than r 1 ), the turbulent velocity 250 m/s is required to reach the critical velocity of fragmentation, 76 m/s as indicated by our experiments. The accretion velocity in the steady accretion disk is given by (Pringle, 1981) 
where ν t = δv g 2 H is the eddy viscosity coefficient,
K is the scale height of the solar nebula, k is the Boltzmann constant, m is the mean molecular mass of the nebular gas. The mass accretion rate iṡ
Thus, the root mean square turbulent velocity in the steady disk is expressed as
The turbulent velocities are several cm/s for the Q = 1 model and several 10 cm/s for the Hayashi model, when the typical accretion rate 10 −7 M yr −1 for T Tauri stars (Bertout et al., 1988) . In case (b), the relative velocity is lower than for case (a), because the nebular density is higher so that the friction between chondrules and gas is stronger. Thus chondrule fragmentation in case (b) is less likely to occur. In the (c) and (d) X-region cases, it is also difficult to reach relative velocities exceeding the critical velocity as seen in Fig. 10 . Since collisional velocities are distributed about the mean value, it is possible to have a collision with a velocity much higher than the mean value. However, the mean relative velocity of the chondrules is less than 1 m/s for the all cases we calculated, so that they have an extremely low likelihood of reaching the impact destructive velocity (76 m/s). For example, the probability is less than 10 −2000 if the probability distribution is Gaussian. On the other hand, the mean collision time of chondrules is about 2.5 days in case (b) when collisional velocity is 152 m/s. If the duration of turbulence in the nebula was much greater, most of chondrules would have been destroyed. That is inconsistent with observations that there are lots of unbroken chondrules in chondrites. At least, it is not likely that the debris was produced in turbulence in the steadily accreting T Tauri nebula withṀ ∼ 10 −7 M yr −1 . Chondrules might be destructed in abrupt and/or localized strong turbulence.
Next, chondrules should have relative velocities, if they passed through a nebular shock wave Horanyi, 1991, 1993) . The relative velocities would have been very large (∼1 to 10 km/s). Chondrules should melt when the shock velocity and the optical depth were large Horanyi, 1991, 1993) . On the other hand, chondrules had merely be destroyed by mutual collisions, if the shock velocity was relatively small ( < ∼ 3 km/s). The mean collision time of chondrules is given by
where N is the chondrule number density, 12 v is the relative velocity of chondrules with radii r 1 and r 2 . The stopping time of a chondrule due to gas friction is given by
where r is the chondrule radius, ρ g is the gas density, ρ m is the material density of a chondrule, and v is the chondrule velocity relative to the gas if the velocity v is supersonic (v is replaced by 4v th /3 if the velocity is subsonic and the mean free path of the gas molecules l g is larger than r , where v th is the mean molecular velocity of the gas). The ratio of the collision time τ coll to the stopping time τ f is written
where f is the dust to gas mass ratio:
For equilibrium between the dust settling and the turbulent mixing, f ∼ 1 (Sekiya, 1998) . Thus, the order of magnitude calculation with r ∼ r 1 + r 2 , and v ∼ 12 v gives τ coll /τ f ∼ 1; that is, a considerable part of chondrules would be destroyed if a shock wave passed through the midplane of the solar nebula. Furthermore, there is a possibility of fragmentation by mutual collision of chondrules, which were lifted by the bipolar flow (Liffman and Brown, 1996) . However, it is difficult to estimate the relative velocity and the collision frequency of chondrules, since the velocity field of bipolar wind near the disk surface is not known in detail at present. This problem is left for future investigations.
Lastly, we examine collisions of chondrules with objects on the order of a meter in size or larger (Weidenschilling, private communication) . When the friction time of the object is almost equal to the Kepler angular frequency (e.g., the diameter of the object is 1 m at 2.4 AU in the minimum mass solar nebula), the object drifts radially at the highest velocity of v K η = 54 m/s, where v K is the circular Kepler velocity, and
where P is the gas pressure (Adachi et al., 1976; Weidenschilling, 1977) . Further, the relative transverse velocity between mm-sized chondrule and a body larger than 1 m is also equal to v K η (Adachi et al., 1976; Weidenschilling, 1977) . Thus, if a chondrule collides with an object larger than 1 m, the chondrule might be destroyed, if the object is as hard as the steel target of our experiment. On the other hand, chondrules may not be destroyed if the body were conglomerate of dust and chondrules and soft enough.
Conclusion
We have carried out collisional destruction experiment of chondrules taken from the Allende CV3 chondrite. A stainless steel target was used. The velocity of chondrule destruction distributes from a very small velocity ( < ∼ 10 m/s) to 76 m/s. Observation by electron microscopy showed that two types of chondrules were destroyed by low-velocity impacts: the first type has pre-existing cracks filled with ironoxides along which it was cracked again, and the second one is poorly crystallized with fine-grained silicates set in glass. On the other hand, relatively well-crystallized chondrules were destroyed by impacts at high velocity. If there were no pre-existing cracks which were presumed to have been made in secondary alteration, many chondrules would survive the experimental impact at low velocities. Considering the difference of our experiment with a stainless steel target from the mutual collision of chondrules, the upper limit of the destruction velocity is estimated to be 152 m/s. Using the chondrule destruction velocity, we theoretically examined the condition of the solar nebula in the periods when chondrules were destroyed. The results suggest that destruction of chondrules might have taken place by collisions between chondrules in abrupt and/or localized strong turbulence, or by the passage of the shock wave through the nebular midplane, or by collisions between chondrules and objects larger than 1 m in the laminar solar nebula.
The response of a chondrule to the gas motion is characterized by the friction time: where r and ρ m are the radius and material density of the chondrule, v th and l g are the mean thermal velocity and mean free path of the gas molecules, and ρ g is the gas density, and ν = v th l g /2 is the kinematic viscosity of the gas. The wave number k * of the eddy for which a chondrule responds most well is given by equation (9) of Völk et al. (1980) : A.4) where the relative velocity of the chondrule and the eddy with wave number k is given by equation (15) of Völk et al. (1980) :
(A.5)
We assume that the constant part of the relative velocity V L (i.e., the mean relative velocity of chondrules to gas) is equal to zero. The mutual velocity of chondrules, whose response times are τ f (1) and τ f (2) [with corresponding values of k * are denoted by k * (1) and k * (2)] in turbulent nebula is calculated from equation (19) of Völk et al. (1980) :
Here we have changed the upper limit of integral of third and fourth terms from ∞ in the original paper to k λ = 2π/λ, where λ = (ν 3 / ) 1/4 is the Kolmogorov length scale, and is the energy dissipation rate per unit mass of the turbulent gas, which is given by = V 3 /L. V and L are the velocity and length scale of the largest eddy, which are assumed to be equal to (δv g ) 2 and H , respectively.
